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1.0 Iniroduction

The discovery of the first high lemperature cuprate super-
conductor by Bednorz and and Muller! has spurred enor-
mous expcrimental and theorctica’ activity attempting o
determine the “unique” aspects of (he electronic structure
of these malerials?, The straightforward application of lo-
cal-density-functional (.DF) band theury predicts the par-
ent compound 1.8,CuO, to be a metal, when it is in fact an
anti-ferromagnetic insulntor with a gap of ~2¢V. Local
Coulomb interactions arc certainly ai the heart of the anu-
ferromapnctism and 50 one goal of clectronic stricture
thcory hiws been o develop simple modcls which capture
these cfTects and con then be extended o the infinile sys-
tem. Al onc eatrine in the first priniciples approaches to

this problem arc the constrained LOT methods>*, They es-

scntially carve out a locul region of space within the LDF
band structure in order W gencrate the parameters for a

1. 1. Bexdnors amd KA. Muller, Z.hys. B 64, 189 (1986).

2. For recentreviews see High Temperature Superconductivity,
K S. Bedell, DCoffey, D.E. Mclizer, D.Pines, and J.R Schrief-
fer, eda., Addison Wesley (1990).

1. M.S. Hybertserr M Schluter, amd N.E. Chuistensen, Phys.
Rev. B 39, H28(1989).

4. A K McMashan, IF. Aunett, and R M. Martin, Phys. Rev. B
L 2, 6268 (1990).

tight-binding model including the appropriate Coulomb
interactions. The later are determined by monitoring the
1otal energy of the system as a function of the charge con-
strained o reside within the local region. At the other ex-
treme lie first principles cluster .u’npwmcht:as ¢ Twhose
csscntial philosophy is that the parameters characterizing a
s:nall cluster should be transferrable 10 the solid and large-
ly determine its properties. Although the local interactions
can be treatcd with great sophistication in this appivach,
approaimations must be made concemning the treatment of
the background used to imbed the clusier. Most efTorts uli-
lize a point-charge background for these maicrials; an cx-
tremely different environment from the metallic

back ground of the constrained LDF approaches. The
“truth” presumably lies somcwhere betwecn these two ca-
temes.

In this papcr we examine the properues of small cluster
models of 1 a;Cu0y. In Section 2, the Madclung/Pauli
background potential used to imbed the primary cluster
and the basis scts used 10 expand the cluster wavefunction

5. Y. Guo, J. ‘M. Langlois sd W.A. Godd: 1d 111, Science 239,
896 (1988).

6. R.L.. Martin and P.W, Saxe, Intern. } Quantum Chem. Symp.
22, 237 (1948),

7. H. Kaniimura and M. Fw, ). Phys. Soc. Japan 59, 1053
11990),
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arc discusscd. Section 3 presents the results of calculations
on CuOg in which the optical absorption and the photoe-
miss on spectrum arc cxamincd. The calculation on CuOg
and our carlicr work on larger clusters suggest that a sin-
gle-band Pariscr-Parr-Pople (PPP) model be devclnped.
Therefore, in Section 4 the PPP model and extcnsions
which rclax the zero-differential-overlap (ZDO) approxi-
mation upon which it is bascd are reviewed. Calculations
on the siates of CuyOy necessary {0 parameicerize the PPP
model are presented in Section 5 and compared with anal-
ogous calculations for Cuz0). Section 6 discusses the
problems associated with the diroct ab initio determination
of the anti-ferromagnetic exchange interaction, examines
the magnitudes of the occupation-dependent hopping and
direct exchange interactions which arise when the ZDO
approximation is rclaxed, and provides estimates of the
uncertainties in the parameters duc to elecron correlation
and polarization cfTects not recoverable with the present
basis scts and finite clustcrs. A comparison of the parame-
ters with those extracted from constraiined LDF theory
concludes Scction 6. Finally, Scction 7 summarizes the
conclusions of this rescarch.

2.0__Computatlonal De_talls

Various approximations to the Madelung potcntial are
gencrated by translating U basic cell along the & .§, and
2 axes. We denole these backgrounds by the number of
cells in each direction, e.g. the basic cell is 111, the collec-
tion of ions oblaincd when it is translated forward and
backward one unit along £ as 311, etc.

Table 1 prescnts the electrostatic potential,

q
v,.=2‘-‘:-1

Jw

(EQ1)

gencrated at the atomic sites in the central CuQO, cluster as
a function of increasingly complete background ficlds.
Also included for comparison in Table 1 is the Madelung
potcatial, the sum over the infinile lattice.

The MESAS suite of electronic structure codes were used
for all calculations.

2.1 Cluster Background

2.1.1 Madelung Contribution

The point charge ficld which surrounds the CuOg cluster is
generated by replicuting the basic unit pictured in Figure
1. The positions of the ions correspond Lo those deter-
mined for the tetragonal phasc of 1.8, 455t ,Cuo.’. Formal
ionic charges of +2,-2, and +3 werc assigned o Cu, O, and
La, respectively. Note that the ions at the periphicry of the
basic ccll shared by more than one ¢ell are represenied by
the appropriate fractional charge so that the total charge in
the basic unit is zcro.

8. P.W, Saxc. B H. Lengsficld 111, R 1.. Martin, and M. Page.

9. R.J. Cava, A. Santoro, D.W, Johnson, Jr., and W.W. Rhodes,
Phys. Rev. B, 35,6716(1987).

TABLE 1. Point Charge Pote' .ials at the Nucleus(eV)*
PC331 PCIX) PCSSY M) Madelung

Cu 2691 2926 -2°'47 .2864 -28.62

Oq 2240 20.14 2207 2099 2098

0O, 2300 2032 2158 2022 2022

La 2634 2867 -2678 .28.03 -27.95

. EQ1.

A rather small number of point charges picks up the bulk
of the Madelung potential and generates a field in the cen-
tral regior: which essentially differs by a constant from the
cxact sum'®, Much of the absolute error can be removed
by rather small adjustments of the charges at the outer
cdge of the point charge ficld. For example, the error of
1.15¢V at the cenual Cu in the 553 background can be
climinated by replacing the charges of q=+0.25 on the 8
Cu ions furthest removed from the origin with charges of
q=+0.01. These atoms, at the comers of a cube, are suffi-
cienly distant from the central unit so that the modifica-
tion to the potential is esscntially spherically symmetric.
‘The relative errors in the central cluster are therefore unaf-
fected. For example, with this modification, the 553 back-
ground yields the exact potcntial at the Cu site, by design,
and crrors of -0.06, 40.17, and -0.02 eV at the O, O,,,
and La sites, respectively,

The point charge background utilized for the CuQg calcu-
lations described below was geicrated by a modification

10, N.W. Winter and R.M. Piver,
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of the 333 ficld. Six additional ions were placed at posi-
tions (+R, ,0,0),(0,2R.0), and (0,0,£R,). The pasitions and
accompanying charges arc chosen so as to reproduce the
Madclung potential at each nucleus in the primary CuOg
cluster. In order Lo preserve the Dy, symmetry of the tet-
ragonal phase, the constraints R,=R, and ¢,=q, were im-
poscd. In addition, the constraint of charge neutrality
implies q,=-2q,. This leaves three parameters q,, R,, and
R, which can be detcrmined so as to reproduce the Made-
lung potentials at the three distinct sites in the prim

CuOq unit. This procedure yiclds q,=10.6, R,=19.28A,
and R,=19.66A. The resulling potentials are given in the
column labeled M333 in Table 1, where it can be scen that
the error at the La site, which was not included in the fit, is
~0.1eV.

An analogous procedure was used for Cu;0y;. In this
case, two of the units in Figure 1 arc combined to form a
doubled cell. Charges of magnitude ~ $0.5¢” placed ~ 6A
from the central O of Cu;0,; supplement a 333 back-
ground of point charges. This closely reproduces
(£0.05¢ V) the Madclung poicntial at all sites in the prima-
ry Cuy0y; cluster. The Cuy0; cluster is generated by re-
placing the four axial oxygens of CuyOy by 2- point
charges.

2.1.2 Pauli Repulsion

In the course of earlier work!!, a scrious inadequacy in
the barc point charge ficld was discovered for certain
states of the cluster. In particular, the encrgy of the Cu 4s
and 4p orbitals are placed much too low. This is because
these rather diffusc orbitals feel the strong atractive po-
tential of the Cu®* and L% poini “arges without being
required to maintain orthogonality with the ion core. For
cxample, if the CuOg'"* anion (formally Cu'*O?) is stud-
ied, the SCF solution curresponds to a ds like Cu, as op-
posed to the d'%like solution one might expect. If the basis
sct is augmented with additional diffuse s and p func.ions
the znergy of this d” like state is stabilized even more. A
telated cfect occurs in the calculation of the optical spec-
trum of the ncutral CuO,,m cluster. Here the lowest en-x-
gy charge transfer excitations are predicted to be O2p ->
Cuds.p in nature, and the magnitude of the ctical gap is
similarly scnsitive to augmentation of the basis,

11. RL. Martin, Physica B, /65, 5£3(1990).

The neglect of the neighboring ion cores is most apparcnt
in geometries calculated for the primary cluster. The opti-
mum CuO bond lengths are at least 0.5A too long; the at-
traction of the O 10 the Cu?* point charge is not
counicrbalanced by the short range Pauli repulsion. For
these icasons, effective core polentials have been used (o
represent the 4 Cu®* and 10 La** sites which immediately
adjoin the primary cluster of Figure 1. These are gencrated
for the free ion using established techniques'2. The com-
plete specification of the background potential is 2vailable
from the author on request

2.2 Basis Sets

All calculations reported herein used the effective core
potential and double-zeta quality basis set derived for Cu
by Hay and Wadt'2. These potentials fold only the [Ne]
core into the poiential; the 3s and 3p clectrons are explicit-
ly included in the valence space. This modificalion is quite
imponant for calculations beyond the SCF level. The stan-
dard" Dunning/Hay 3s2p basis set was used for he O
atom.

Benchmark calculations at the s=1f-consistent-field(SCF),
and single and double-substitution configuration-interacti-
on(CISD) level of approximation are shown for scveral
rclcvant stales of Cu in Table 2. The column labeled CIS -
D(Q) applics the Davidson correction!? 10 estimatc the ef-
fects of unlinked cluster contributions to the CISD energy.

Of paurticular interest are the ionization potential (1.P.) and
electron affinity (E.A.) of Cu?*(d%). The difference defines
the on-site Coulomb energy, or Hubbard U; Uy = E(d%) +
E(d') - 2E(d®). The calculated Uy is in rather good agree-
ment with the experimental result (16.7eV calculated vs.
16.3¢V expcriment), but this comes aboul, as usual,
through a canccllation of errors. The ionization potcntial is
calculated to be oo low by ~0.6¢V while the electron af-
finity is too large by ~leV. This suggests a pair corrclation
encrgy of ~1cV which is not recovered with the present

12. P.J. Hay and W.R. Wadt, J. Chem. Phys. 82, 270 (1983);
W.R. Wadt and PJ. Hay, J. Chem. Phys. 82,284 (1983); P.J. Hay
and WR. Wadr, J. Chem. Phys. 82, 299 (198S).

i3. T.H. Dunning and PJ. Hay In Modern Theoretical Chemnis.
Iry, edited by H.F. Schacfer Il (Plenum, New Yok, 1977), Vol.
.

i4. ER. Davidson and D.W. Silver, Chem. Phys. Len, 52, 403
(1977).
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basis and level of excitation. This error is known 10 be pri-
marily due o the lack of (-functions on Cu.

TABLE 2. Atomic Cu Excitation Energies(eV)

Stale s°F cCisD ciSD(Q) Expt
Cu'*@9l!s) 0.0 0.0 0.0° 0.04
Cul*(d%.’D) 141 290 297 281
cu®*dD) 1760 1930 19.38 20.3°
> 5263 5534 5544 5712
*P. 35.0 360 361 36.7
EA. 176 193 194 -20.4
U 174 16.7 16.7 163

s. The total enexgy is -194.753343 a.u.

b. The total enexgy is -194 871430 a.u.

c. The total energy is -194.875358 a.u.

d. C.E.Moore, Alomic Encrgy Levcls (Natl. Bur. Stand., Wash.
ington, D.C.,1952), Circular 467, Vol.2 (1959).

The O%" specics is not bound in the gas phase. Direct tests
of the crror inherent in the one-clectron basis sct are there-
fore difficult to make. The first calculation reported in Ta-
ble 3 concentrates on the electron affinity of the oxygen
alom in the gas phase. Note that with the 352p basis at the
CISD level of approximation, the O" species is not even
bound relative 0(3P). As is well known, the addition of
an additional more difTuse O2p function'? is necessary to
describe the increased radial extent of the optimum O or-
bitals. The row labeled 3s3p refers to a basis in which such
an additional p-function (@=0.059) is added to the one-
clecuron basis. This improvement stabilizes O by nearly
leV relative 1o OCP), and it is now bound by ~0.6¢V at
the CISD level. The experimental binding encrgy is
1.46¢V, and so we infer that the “pair correlation eror™ not
recovered by the present basis sct is of the order of 0.9%V.
Much of the remaining crror is recovered with the addilion
of a d-type polarization function,

TABLE 3. Atomic O Exchation Energies(eV)
Siate SCF  CisD cispQ)  Expt
352p Basis

o'p’P) 0.0 00® 00° 0.0
o) 13 04 04 1.46¢
3s3p Basis

o'pP) 00° 00' 008 0.0
op'p) 06 0.6 07 1.46¢

a. The total encrgy is -74.754504 a.u.

b. The total enexgy is -74.813047 a.u.

¢. The total encrgy is -74.814471 an.

d. H.Hotop and W.C. Lineberger, J. Phys. Chem. Ref. Datwa. 4,
568(1975).

e. The total energy is -74.779897 a.v.

f. The total encrgy is -74.853312 a.u.

g The 1otal encrgy is -74.857232 a.u.

TABLE 4. Embedded O Excitation Energies{eV)
Suste SCF CISD  CiSD(Q)
3s2p Buis

orps.'s) 0.0 0.0 0.0

o (p’.2p) 46 54 54
op*’p) 2.8 N4 24

LP. 172 180 180
EA. 46 54 54

v, 126 126 126
33p Bais

orpt's) 0.0 0.0 0.0

o p*.3p) 45 53 53

0 (p*.p) 218 233 23

LP. 173 180 180
EA. 43 53 53

v, 128 127 1)

The importance of the ditfuse component in describing
the gas phasc anion would suggest that it might be impor-
tant for the proper description of the O specics expectod
in the cluster. In onder o test this, we performed calcula-
tions on an O atom embedded in the Madelung/Pauli po-
tential appropriate to La;Cu0y. Results which compare

40117
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the 3s2p basis with the 3s3p basis are shown in Table 4.
The diffuse function has only a minor effect in this case.
The largest diffcrence is a prefercntial stabilization of the
O?" species by ~0.1¢V in the more diffuse basis. The stan-
dard 3s2p basis is therefore expected to provide a qualita-
tively acceplable description of O*/0" in the cluster.
Finally, noie that the estimate of the “atomic” Uy, from
these calculations is approximately constant at l.’:,~12.7eV
for all the levels of correlation in Table 4. Once again, this
should arise from a cancellation of errors, and from the un-
recovered correlation energy inferred from the gas phase
calculations, we expect the stability of the O?" species to
be underestimated relative to O by ~0.9¢V,

3.0 CuOQ,

3.1 CuOg'"

The electron count in this species corresponds to closed-
shell Cu'*(d'°) species and filled O (p%) ligands. !t there-
fore models the situation in which an additional electron is
added to La,CuOj. Unlike carlicr calculations'! with just
the Madclung background, an SCF calculation with the
Madelung/Pauli background docs indecd find a

A ,.(d‘°p°) ground state. The cigenvalues, dominant sym-
mclry components, and other information characterizing
the SCF wavcfunction are reproduced in Table 5. Note that
the orbital indexing in the Table corresponds to “hole™ no-
tatuon.

The total atomic charges from the Mulliken analysis de-
scribe the ‘A, statc as Cu* 77 0 1% 0,197, These total
charges can ofu.-n be misicading, particularly in transition
mctal systems or when using extended basis scts, but nev-
ertheless they appear reasonable in this instance. A more
intcresting number is the sum of the Culd gross orbital
populations, nq. Because the d orbitals are feirly confined
in radial extent, this number is usually more in line with
chemical expectations. In this case, ng=9.78. The devia-
tion from d'? is due to contributions from the Cuds orbital,
The 4s mixcs somewhat with the 1a,,(d,,) orbital, but
mostly inlo the 3a;, bonding orbital.

The highest occupied molecular orbital, 1by,, is domi-
nantly Culd,, ; in charixcter. The gross Mulrikcn orbital
population Py, reproduced in Table §, describes this orbital
as61% d,; ,; The next four orbitals are also predominant-

ly Cu3d, and their characicr is qualitatively in line with ex-
pectations from ligand-field theory. The remaining orbitals
comprise the O2p “band™ of width ~3.3eV.

TABLE 5. SCF Results for CuO,'"(d"%)
Orblal  Component® Ma.u) AE(eV) PSS P
1by, doy2 1983 00 61
1a, d, 1270 194 19
1by dy 1269 194 26
leg d,dy, 1098 241 87
lay, y1-x2-y3+x4 0023 533 -
1e, R1+x2+x3+x4

yley2+yd+y4d -0038 550 - 027
1oy, z21+22+23+24  -.049 6.07
1by, z1-22+23.24 -0360 638 - 9(-4)
2, 21-23

2224 -0466 6.66 08
2e, x1-x24x3-x4

yl-y2+y3.y4  -0639 .14 - 032
2, 25-26 -0765 1748 J7 ..
3e, xS+x6

y5+y6 -0859 7713 -~ 009
2by, yl+x2-y3-x4  -0862 7.74 J4 .
2y, xl.y2-x3.y4 -0866 17.75 3s
3¢, 25-x6

yS-y6 -0896 7.83 04
28, 5+26 -083%6 7.84 -
38 zl+y2-x3.y4  -1178 8.60 -07

a. The in-plane oxygens are numbered counterclockwise with
0! along the positive x-axis and O2 along the posilive y-axis. 05
lies above the plane and 06 below.

b. The eigenvalues in atomic units (15.u.=27.21eV).

¢. The percentage of Cu3d charscter in the orbital as determined
from the gross Mulliken populativn.

d. The oscillator strength from the 1by orbital in the length form;
(=23 AR kiblj>2.

There arc two orbitals in Table S which will be the focus
of future discuss.un; the two combinations of b, g Symme-
try. They are bonding and anti-bonding with respect to the
Cu3d,; ,2/O2pg inicraction and shall be refered to as
o(2l)|') and o'(lbu).

As a prelude to the calculations to be described in the next
scction, it is interesting to note that Koopmans' theorem '3
provides an overvicw of the nature of the states expecied

Ab Inktlo Cluster Studles of La2Cu04
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in the CuO,'® “neutral” cluster. First of all, the ground
statc of a smgle hole relative to the clased-shell anion is
predicted to be B,.(o") The excited states of the hole
should consist of a set of crystal-field excitons in the re-
gion 2.0-2.5 ¢V, followed by O2p -> Cu3d charge transfer
channels beginning at roughly SeV. “Frozen orbital” oscil-
lator strengths for the allowed dipole transitions are given
in Table 5. Most of the oscillator strength in this small
cluster is concentrated in two precominantly in-plane by, -
> ¢, excilations.

32 Cuo,'*

3.2.1 The Ground State:?B,,

As discussed abovc. Koopm.ans’ thecorem would imply a
gmund state of 2 B, symmetry for the neutral. Since n, for
the anion is 9.78, and P4 for the 1by; orbitai 0.61, Koop-
mans’ theorcm suggests ng=9.17 for the ncutral ground
state. The d,,.,2 spin density, ps=P4(1by,), should be
~61%.

In fact, the SCF calculation does indecd yicld a 2B,
ground state with ng=9.18, quite close (o that expecied, but
this masks a significant rehybridization which takes place
in the SCF calculation. As opposed Lo pg=.61, the SCF
wavclunction yields p4=0.91. The unpaired spin in the o*
orbital is nearly completely localized on the Cu. This in-
creased d character in ¢® is counlered by a decrease in @.
There is very litle metal-ligand covalency in the SCF
wavefunction; it is quitc ionic.

This rchybridization is a ref'cction of the large on-site
Coulomb repulsion encrgy ameag 3d electrons which typ-
ifics elements on the right siuc of the first transition serics.
A doubly occupied molecular orbital with significant d
characicr necessarily carries a large atomic component in
which the metal d-orbital is doubly accupicd. Reacting o
the large on-sile repulsion associated with this component,
the Hartree-Fock approximation redu-cs the metal-ligand
mixing thereby gencrating a doubly occupicd orbital pre-
dominantly on the ligand and a singly orcupicd orbital of
mainly d character. If the SCF approximation were able to
accurately reproduce the appropriate on-site Coulomb re-
pulsion, this re..ybridization would be computed correctly.
However, the SCF approximation significantly overesti-

IS T. Koopmlns. l’hynul 104 (19133).

mates U, and it therefore takes this localization much too
far. These considerations hold for more sopbisticaled
wavcruncuons such as the generalized-vakence-
bond(GVB)'6 and complete-active-space(CAS)! approx-
imations 10 the extent that they do not usually include in
their definition the radial correlation effects responsible
for the overestimate of Ug.

Rather extensive CI calculations arc required to re-estab-
lish the proper covalency. A CISD calculation which in-
cludes all single and double excitations rclative to the SCF
reference increases the covalency somewhat. A natural or-
bital analysis of the ground state has a single natural orbit-
al with occupation number 1.003. This orbital is
characierized by a gross d population P;=0.88. The bond-
ing b, natural orbital has P,=0.15. This increased cova-
lency is also reflected in the fact that the largest coefficient
in the CISD wavefunction, other than the reference deter-
minant, is a single excitation, 1by, -> 2by,, with coefficient
~0.05. It is unusual for a single excitation to play such an
important role in the CISD wavefunclion given the fact
that there is no direct coupling between the SCF determi-
nant and single excitations. If this configuration is includ-
ed in the rcference space and all single and double
excitations relative to the Lwo are diagonalized, the coefli-
cicnt grows even larger 1o ~0.09. The ¢ and o* natural or-
bitals now have P,=0.17 and P,=0.84, respeclively. The
proper covalency depends duectly upon the cncrgy differ-
ence between the basis states kd’p®> and 1d'%3>. This ex-
cilation energy is placed much too high when using the d°-
like ground state SCF orbitals. The reasons for this are dis-
cussed in more detail in Section 3.2.3.

3.2.2 Crystal Field Excltons

‘Table 6 regoru crystal ficld excitaticn cnergies coniputed
for CuOy!

- e ———

16. F.W, Boblown:l and W.A Goddard, Methods of Electronic
Stuctwre Theory, H.F. Schaefer, ed.. Plenum 1977.

17. B.O. Roos, P.R. Taylor, and P.E.M. Siegbahn, Chem. Phys.
48, 157 (1980); B.O. Rous, Intern. J. Quantum Chem. . Symp.
14, 175 (1980).

6ol 17

Ab initio Cluster Studies of La2Cu04



CuOs

TABLE 8. Crystal Fisld Excitation Energies(eV) TABLE 7. o0 ->0® Charge Transfer Energies(aV)
Orblial Basi Energy P,
Siste SCF ciIsD  CiSD(Q) aels ndPd
. FO ¢ D I
B dap) OO 00>  oF 8 cisb ciso
2B g(dy) 154 1.74 182 1’B)(c*) *SCF 00 00 0.0 9.24(84)
IA,.(d‘,) 1.64 182 189 22B,,(0) 15.16 901 1030 9.78(.17)
(d 1.98¢ 220 228
E.E: ::)6 216357 a.u. 1’B (0*) d'°SCF 00 00 00 9.23(.74)
8 e ' 1775 10 : 8.
b. E,=-966.727018 a.u. 278,00 5 1060 825 95827)
¢. E,,=-966.797965 a.u. 128, (0%) &
. - . I ) &CISNO 00 0.0 9.23(.79)
d. Symmetry equivalence restrictions were imposed in this case. 223::(0) 9.28 0.07 9.68(22)
12B, (0*) d'°CISNO 00 0.0 9.26(.79)
At the SCF level of approximation, thesc states lie in the Z’B.,(o) 9.47 9.02 9.71(:22)

region ~1.5-2.0cV. It should be expecied that the SCF ap-
proximation is relatively good for this class of excitations
since they are all esscntially d® in character and should
theicfore have very similar corrclation energies. This is in-
dced the case. The CISD excitation encrgies are uniformly
increased by ~0.2eV over the SCF results, and the David-
son correclion increases them by another ~0.1eV.

Optical transitions to these crystal ficld states are all for-
bidden by parity and gain intcnsity only through vibronic
intcractions. There apears 10 be no definitive experimental
assignment, so the accuracy of the calculation is difficult
10 assess. We note that an “cxcitonic” feature at ~1.82V
appears in the optical spectrum'® of 1.a,Cu0Q,, which is in
the general region expected for crystal ficld states accord-
ing o the cakulation,

3.2.3 o -» o* Charge Tranater

A critical parameter describing the electronic structure of
these systems is the difference in Cu and O on-site ener-
gics, A=0,-a,. This parameter, along with the hopping in-
tcgral 4, can be cstimatcd from the difference in encrgy
betweer: the ground state, 1 B, (0*), and the eucncd slate
in which the holc is in the “bondlng b, orbital, 2 B,‘(o)
To a first argmxlmnuon these may be lhoughl of as Id’p%>
like and kd'%p3> like, mspcuwcly Becausc of large atomic
relaxation cﬂ‘ects beiween d° and @'Y, it is surprisingly dif-
ficult to obain a decent estimate for this cxcitation cnergy.
Consider first the frozen-orbital(FO) approximation in Ta-
ble 7.

e ————— —

Iﬂ J Humlu'ek.M Gungn and M. Cardona, Sol. State Comm.
7,589 (1988).

The o-> g* FO excitation eneigy is 15.2¢V when comput-
ed with the ground state SCF vectors. This is expected to
be too high because orbilal relaxation must decrease the
splitting, and m addition one expects more correlation en-
ergy in the d'%-like excited state which will also act to de-
crcasc the splitting. On the other hand, when the SCF
orbilals of the anion are uscd, the excitation energy is pre-
dicted 10 be 7.75¢V. In this case, orbilal relaxation is ex-
pected 1o increase the splitting, whercas correlation will
again tend lo decrease it. Thus, differential relaxation and
correlation are expected to partially cancel one another
when using the anion orbitals, whereas the two effects am-
plify one another in the ground state orbital basis.

It is possible to show that a great deal of the difference in
these two FO estimates comes from orbital relaxation ef-
fects. The column in Table 6 labeled CIS refers w a calcu-
lation in which all single exci‘ations with respect to the
two reference configurations lo> and lg*> are included in
the Cl. Note that it exhibits much less dependence on the
orbital basis: lhe excmmon energies are 9.01 vs, 10.6eV
when using the B‘ or A.. orbitals, respectively. This is
still an unacceplably large orbital bias, however. Even
when a CISD calculation with respect o these two refer-
cnce configurations is performed, the excitation cnergy
differs by ~2¢V depending on which orbital set is used.

In order o generate an orbital basis which biascs ngmnst
neither state, we constructed average natural orbitals!?
from the CIS calculations described above. These average
natural orbitals diagonalize the sum of the one-particle

Ab Inftio Cluster St Zies 0! La2Cu0O4
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acnsity matrices for the two roots and are designated as
CISNO orbitals in Table 7. Note that now the CISD calcu-
lations using cither set are are in good agreement with one
another (9.05 £ 0.05¢V). This is also true of the orbital
populations P, and hence the covalency. We find
P4(6)=0.79, Pd(c*)=0.22 in the CISD natural orbiials us-
ing cither CISNO basis.

The excilation encrgy and Mulliken populations allow us
to extract estimates of the paramecters A and t4. The cigen-
values of Tabl . 5 provide a crude estimaie of the direct O-
o hoppingui’ tegral 727 This is discussed in more detail
clsewhere®. We find A~6cV, tyg-1.9¢V, and £3~0.8¢V.
These values are all significantly larger than the rcent es-
timaties of the parameters from constrained LDF theo-
ry*44~3.5V, ty~1.5cV, £7-0.65¢cV.

‘'

3.2.4 Optical Absorption

Figure 2 reproduces the optical absorption spectrum?! of
La;CuO,4 taken by Etamad, et. al. The spectrum shows an
onsel for absorption at ~1.8¢V with a much suonger rise
occuring at ~5¢V. The gap is gencrally belicved 10 be asso-
ciated with the onset of O2p -> Cu3d charge transfer chan-
nels.

The parameters determined above can be used (o generaie
a crude estimate of the optical spectrum expected in the in-
finite solid. In the CuOg cluster, the o* orbital is stabilized
by ~2.3eV from the bare on-site energy ay. Assuning this
stabilization is roughly correct for the solid, the centroid of
the 02p/Cu4 charge transfer channels should occur at ~
A+2.3¢V with a width determined by the O2p bandwidth
which is roughly 8.7, This approach yields the “theoreti-
cal” spectrum shown in the top of Figure 2. Note that the
onset of the very strong absorplion at ~5¢V coincides with
the currcnt estimate for the beginning of the charge-trans-
fer band. The positions of the crystal-ficld excitons agree
well with the weak absorption features in the region of
~2eV. These simple considcrations must be verified by
studics on larger clusters , but it would appear that the
large value of A found in this work argues against the as-
signment of the optical gap at ~1.8¢V to the charge trans-

19. P.O. Lowdin. Phys. Rev. 97, 1474 (1955); E.R. Davidson,
Rev. Mod. Phys. 44, 451 (1972)..

20. R L. Martin and P.J. Hay, in preparation.

21. 8. Etamad, D.E. Aspnes, M.K. Kelly, R. Thompson, J. -M.
Tarascon and G.W.Hull, Phys. Rev. B 39, 9028 (1988).

fer channels. They should rather be assigned to the onset at
~5¢V. On the other hand, the LDF perameters predici a
charge transfer onset at ~2.6¢V22, mostly because of the
smaller value of A found in that work. I estimate that unre-
covered electron correlation and background polarization
effects in CuOg should only decrease A by ~1eV. It should
be noted, however, that band thcory suggests vacani Ladf
orbitals lie in the vicinity of SeV. Explicit inclusion of the
La atoms in the cluster might renormalize the O2p->Cu3d
charge transf~r states to lower cnergy. This is a possibility
which should be examined.

3.3 CuO*

The clectronic states of CuQ, % correspond to the addition
of two holes relative to the closed-shell anion. We sh: °l re-
fer (o Lhis state as the “cation”, since it has an additional
hole relative 1o the “neutral” 2B, ground state. The cation
states can be probed by photoemission and the correlaied
nature of the two holes have been the object of much
studyn.

3.3.1 A simple Ci caiculation

If the independent particlc approximation were correct,
one would expect the ground state of the catior: to be gen-
erated by the addition of a second hole to the 6* orbital of
the neutral species; i.e.,

®, = o *(af) (€a2)
In the simple model space of the b;; symmetry orbitals,
there are two additional ways to place the two holes:

o, = ac” (c:/ﬂi— Ba) an
and
®, = a*(ap) (EQ4)

In a photoemission experiment, only ©, and ®, carry in-
tensity, because @, requires the simultancous addition and
excitation of a hole from the ncutral ground state, and can-

22. M.S. Hybertsen, E.B. Stechel, M.Schluter aml D.R. Jenni-
son, Phys. Rev. B 41, 11068 (1990).

23. Q.A. Sawatzky, this procecdings.
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not be reached by the one-clectron dipole operator. There-
fore, the independent particle model suggests one should
sce two peaks in the photoclectron spectrum, the first cor-
responding Lo ionization of the ¢* electron from the nicu-
tral lcading to final state @, , and the second
corresponiding to ionization from the ¢ orbital leading to
final stalc @,. They should be separated by the 0 -> 6* cx-
citation energy discussed in the previous section, which
was estimated to be ~9¢V.

Supposc these three configurations are allowed 1o mix via
configuration mlcmcuon with (for the present) the orbitais
dcfined by the B,' SCF ground state vectors. The results
of this cakculation are shown in Table 8.

TABLE 8. 3x3 Cl Results® for CuOg?

Root AE(.V) cl. Cz' c’. ﬂ‘c
1 0.0 0.66 075 004 9.1
2 143 072 065 023 84
3 19.7 0.20 0.12 097 9.6
a. The orbitals used in the Cl expansion weze the SCF orbitals for
the neutral ground state.

b. The coefficients in the expansion, see Eq. 24.
<. The Mulliken d-population.

Note that the lowest enctgy root, far from being dominated
by the configuration ®,(c* 2), exhibits a strong mumg
with @,(60*). In fact, most of the weight for 0,(0‘ ) is
found in the second root at an encrgy 14.2eV. Thus some
of the photoemission intensity carricd by this configura-
tion will show up in the high-encrgy “satcllite” region of
the specurum. Experiment™ finds a corresponding feature
at~12eV.

This is a very small CI calculation, but the qualitative na-
ture of the ground state survives more detailed calculations
and deserves comment. Nou: that the total Mulliken popu-
lation in the Jowest root |sd ! The ncutral SCF ground
stale was characicrized by d®2 , and so it appears that the
ionized clecuron is nearly all O2p, in character. Many ex-
perinicnts which probe the total d-population on the Cu
site, such as XPS chemical shifts, X-ray absorption, etc,
have verificd this qualitative picture of the charge distribu-

24. 7 Shen, ;. W. Allen, J.J. Yeh, J. -S. Kang, W. Ellis, W. Spic-

er, !. Linday, M.B. Maple, Y.P. Dalichsouch, M.S. Torikachvili,
and J2% Sun, Phys. Rev. B 36, 8414 (1987).

tion in the doped state®. These expcnmcnls gave risc o
the statements “there is no Cu**" in the doped materials,

or “the holes are all on the oxygen”, which can be found in
much of the literature on this subject. This is supported by
the present calculation in so far as the experiments probe
the density change upon doping. They do not support the
scemingly related plcture” cf this lowest root as a “highly
corrclated local smglel with one hole on the Cu and an-
other on the O:

where in the diagram we have considered only a single ox-
ygen neighbor for simplicity.

The local singlet construction is not the state being de-
scribed by the CI wavefunction in Table 8. The lowest root
is well described by the two configurations

¥, 20660, (¢**) -0.750, (a0") (EQS)
Recall that the neutral SCF orbitals are quite localized, ¢*
being very nearly d,;.,, and 6 mosily O2p,. @, then de-
scribes a situation in which the two holes are in the d,,.,,
orbital. The second configuration describes a situaticn in
which one of the holes moves onto the oxygen. The large
mixing implics a strong charge transfer relaxation which
screens the two holes. The average distance between the
two holes in @, is increased by mixing in a single excita-
tior in which one of the holes moves to the adjacent oxy-
gen. The C1 is describing a rehybridization accompanying
ionization. The overall symmctries are both A, and so this
effect may be viewed as a “breathing” of the effective Cu
d orbital. The “Cv>*" orbital is simply larger in the ionized
state in order Lo decrease the effective on-site Coulomb re-
pulsion between the two holes.

More insight into the nature of this state can be obtained
by examining the CI wavefunction in the natural orbital
representation. The natural orbitals diagonalize the ene-
particle reduced density matrix, and the eigenvalucs pro-
vide corresponding occupation numbers. The Slater dcter-
minant defined by occupying the natural orbilals with

25. See, e.g., Earlier and Recent Aspccis of Superconductiviry,
J.G. Bednorz and KA. Muller, eds... Springer Verlag, 1990.

26. F.C. Zhang =nd T .M. Rice, Phys. Rev. B 37, 3759 (1988).

27. H. Eskes and G.A, Sawaizky, Phys. Rev. Lent 61, 1415
(1988).
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largest occupation numbers is the determinant with maxi-
mum ovcriap on the CI wavefunction. The natural orbitals
of the lowest root consist of a new ¢* orbital, call it Ze,
which is a nearly 50:50 mix of d,; ,,and O2pg. It has a
hole occupation number 1.85. The bonding n~tural orbital,
L, is a 50:50 mix of d,5.,, and O2p, with hole OOCupalion
number 0.15. In this rcprescnlauon then, the lowest root is
closely approximaied by ¥, = £* *. The charge dcnsuy in
I.hc Ieadmf natural conﬁﬁumwn expands 10 ~25% d®,

and ~25% d'". The average charge on Cu is d°,
but |h|s occu:s beuusc of equal admixtures of the ionic
terms d%and d'°

The occupation number of 0.15 for the second natural or-
bital signifies a slight departure from this molecular orbital
picture. It represents a modest tendency for the two holes
1o form the “local singlet”. The continuous evolution from
the MO wavefunction (o the valence bond (VB) singlet
can be described by the two configuration wavefunction:
2

¥, = 1+~ (EQ6)

For A=0, the MQ approximation is exact. At the other ex-
ureme, A=1, the VB singlet is exact. For the special case
hcre of a 50:50 mixture, the total Cu d-population remains
d” for all values of A and cannot be used 1o distinguish the
MO from the VB wavefunction (consider the H, molecule
ai r, and r===). From the occupation numbcrs, one deduces
A=0.28. Thus there is a tendency toward the VB structure,
but this sta.c is still fairly well described in the MO limiL
Before leaving this qualitative point, we note that it is not
just our cluster calculations which find this result. All the
more recent three-band paramelcr scls-xuxwd from local
density functional “ and/or experiment?8 yicld a
wavcfunction similar to that found here, although it is still
often incorrectly envisioned as the local singlet pictured
above.

3.3.2 Photoemission: an Internal Ci caiculation

In order 1o introduce all the pertinent pholoionization
channcls, an internal CI ¢alculation was performed. This
Cl involves distributing two holcs in all possible ways
among the valence molecular orbitals. The molecular or-

28. H. Eskes, G.A. Sawaizky, and L F. Feiner, Physica C 160,
424 (1989).

bitals are again defined by the 2B, ground staie SCF cal-
culation. Because of the small mixing in the SCF
wavefunction, we can distinguish 5§ molecular orbitals
which are predominantly Cu3d in characier from the 18
molccular orbitals which are predominanuly O2p in char-
ac.cr. This allows the CI space 1o be described approxi-
malcly by “d®", d’p"‘ “d'%" configurations.

The results are presented in Figure 3. Each discrete CI ei-
genstate was broadened by a Gaussian of widlh 0.4eV. the
experimental resolution quoted by Shen, et 21.24, and the
Cu3d and O2p componenls assigned a relative iniensity ra-
tio of 1.0. The d°p® pro;ecuon forms a band of states in the
region from 0-6¢V. The d® character is distributed
throughout the spectrum, although me=t of it falls in the
region 11-14eV. Qualitatively, the spectrum appears to be
in good agreement with the experimental results also
skeiched in Figure 3. The pcaks labeled A,B, and D as
well as the region in the immediate vicinity of the Fermi
edge have been shown o resonate with the Cu3p -> 3d ex-
citation and therefore to contain significant d character.
These features are all reproduced by this simple cakula-
tion.

We shall not discuss this spectrum in detail, since the
analogous calculation with the older background potential
is presented elsewhere. The major differences are that the
present calculauon puls somcwhat more d character in the
lowest root (d vs. a8 previously) and shifts the satellite
featres (o higher binding energy by ~2¢V.

3.3.3 Candidstes for the ground state

The encrgies of the few lowest states of the internal CI are
presenied in Table 9.

The first few states correspond to those which would be
cxpected in @ simple ligand ficld model; i.c. after the A,
ground state, the singlet and triplet couplings of the addi-
tional hole in the d,; orbital are next , followed by the
dy,, dcgcnemle pnr Although we have labeled the states

J' they were d® in character, these states also correspond
largely to a density loss in the appropnaw 02p orbitals.
The state 2.36eV above the ground state is the 3 By, hole
statc proposed by Guo, et. al.’ 10 be the ground state,
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TABLE 9. Internal Cl Eigenstates for Two-holes
State AE(eV)
A.,(d’a yD 0.0
B:.(d..z 2.y 113
B,.(d,_z a2 1.78
F_.(dm 4202 205
Az diydra p) 2.07
‘A,‘(d.,.d,z_,,) 233
B2 (Petiz ) 236
B2y (Proth2 y) 240
1Ey(dyzyr Gr2y2) 2.46
5A, {Pothz.yd) 3.68

More detailed calculations on three candidates for the
ground slate were camed out. Scparale SCF calculations
were performed for the 'Ay(d,2.y2), the 3B, 4(d,2), and the
3B, (nx ) hole states and followed by CISD calculations.
The results are shown in Table 10,

TABLE 10. CISD Energies for Two-holes(eV)

State SCF cisD  CI1SDQ
A. s(diay) 0.0" 00* 00
B dnd2y) 04 09 1.07

Btz 09 175 209

8.E,,=-966.042143 a.u.
b. E,=-966.604844 g.u.
c. E=-966.697072 a.u.

The ordes of the states predicted by the mlcmal Cl is fol-
lowed at all levels of appronmauon The B|. stale lics
only 0.4eV .iighcr than the ! A, in the SCF approximation.
Corrclation increases this 10 ~leV The corresponding
crystal ficld excitation energy in the ncutral spocics was
~1.9¢V. Kamimura, et. al. haveargucd un the basis of
their cluster cnlculauons that the nature of the doped hole
changes from x2-y2 symmetry to 22 symmetry at the dop-
ing concentrations corresponding to the maximum in Te.
This conclusion is bascd on a computed crossing of the d,;

and d,3., hole states as a function of bond distance. The
present cakculations were also performed at bond distances
appropriate (o the maximum in T, (~15% doping) and yet
the d,; hiole state is still ~1¢V higher. The basis sets and
corre!tion treatments in the present work are significantly
more complete than the minimum basis se:s and CI's ex-
amined by Kamimurs, ct. al. Nevertheless, the excilation
energy is small and the trend with bond distance is as they
describe it; their point is well taken.

The ?B4(px) stale is found to lie ~1eV higher than the
ground suw at the SCF level of approximation, and corre-
lation increases this difference to ~2eV, The major differ-
ence between the present work and that of Guo, »* -1.3 lies
in the more exlensive correlation treatment utiliced here.
The pg hole state does becomes more competitive when
lar Yusters w. examined?” and the full O2p band width
is: *d. Nevertheless, we have always found the pg
hol: .t estobelowermcncrgylhand\cp, . This con-
clusion is supported by NMR experiments which defini-
~vely show the carriers in La;CuOj 1o be of o symmetry?.

One final calculation was performed for CuOg*. A CISD
expansion was carried out with respect to the three config-
urations a*, 0g*, mdozwn.hu\eomnalsdeﬁnedbyme
SCF calculauon onthe'A *mund state of the cation. This
should relax and oomlate 0 ike eonﬂgumuons better
than the previous expansions. The d!° character of the CI
ground state is increased slightly from ng~9.1 to ng~9.2.
The leading natural orbital is ~54% Cu3d, a slight increase
over the 50% mixing observed in the simpler 1 expan-
sions,

The results of this section allow us to approximate a Hub-
bard U which characterizes the CuOg entity. Using the
most extensive CISD(Q) results, and the relation U=E(C-
uOg'! HE(Cu0g™)-2E(Cu0s 1) one finds U~11.1eV.
This value is fairly close to that inferred from calculations
on Cu;04 and Cuy0), discussed below.

4.0 PPP Model

If the clectronic degrees of frecdom associated with the
O2p and Cu3d orbitals can be contracted into a single “cf-

29. R.L .Martin and P.J.Hay, in preparation.

30. See, e.3.. A.R. Bishop, R.L. Martin, KA. Muller, and Z. Te.
sanovic, Z. Phys.B 76, 17 (1989).

Ab Inltio Cluster Studies of La2CuO4

110l 17



PPP Model

fective™ d,,. y2 orbital on each Cu site, Cu30; and Cuy0y
then become isoclectroni. with Hy. The two effective 3d
orbitals give risc to a bonding molecular orbital(MO)

(9,+9,)
A (EC7)
and an anti-bonding MO
(Q, - @,)
L 5 (EQ9)
where ¢, and ¢, correspond to the effective d orbitals on
the left and right hand Cu sites.

The “ncutral”, undoped, systcm contains onc electron per
sitc and generaics a triplet electronic state

Ir1) = @,9, (aa) (EQ9)
and three singlet states

2+ A a2
Is0) = Pt 0% (aP) (EQ10)

J( 1+ l’)

(ap - Ba)

Ist) = ¢.¢.——ﬁ—— (EQ 1)

2_ 5.2
(EQ 12)

9 A9
I52) = 2—= (aB)
3(1 +1%)
The cation and anion, analogous to Hy* and Hy', each
give risc to two doublet states

IC0) = o, (a) (EQ13)
iCl) = ¢,(a) (2 14)
Koy = @9, (aBa) (EQ 15)
k1) = 9,9} (aap) (EQ 16)

The vacuum state has both orbitals empry and will be de-
noted 10), while the state with both arbitals occupied will
be denowd by 1R,

The PPP model is based on the zero-differential-over-
lap(ZDO) approximation, in which two-center charge dis-
lnbuuons m ignored in the relention of two-clectron
mu:grals . The familiar paramcters characterizing the
Hamiltonian consist of the on-site orbital cnergy ¢, a hop-
ping integral t, an on-site Coulomb repulsion U, and a
two-center Coulomb repulsion V.

Within this model, the energics of the avai'able staies are
then:

Eym0 (EQ17)
Eqg =€+t (EQ 18)
Ep =2e+V (EQ 20)
21)?
Egq = 2e+VU (EQ 22)
7]

EgysEq + l(J )V (EQ 23)
Ep=3e+U+2V+: (EQ 24)
E, =3e+U+2V-1 (EQ 28)

E, = 4e+2U +4V (EQ 29)

where the perturbation approximation appropriate for t <<
U-V has been used in Eqs. 21 and 23,

The logical extension of the PPP model is o rclax the
7.DC approximation and retain all the two-electron inte-
grals which emerge in a minimum basis set calculation on
Hy. 'ihis model will be referred W s the full valence
Hamiltionian. It contains two additional terms. The first is
a hybrid two-clectron intesral Hirsch?? has referred 10 as
At,

At = (Ildr) =

(rrdr) 1EQ 27)

3| R Q. Pm. Quanium Theory of Moleculer Electrunic Struc-
ture, W.J. Benjamin (1963).

32. ). Hirsch, Chem. Phys. Let1. (1990).
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where
1
(i = Jo.(D 9D =092 (a2
The second is the two-center exchange integral
K = (Irdr) (EQ 20)

These two terms are discussed in more detail in Section 6.

5.0 Cu,0;and Cuy044

For each of the states expecled in the single band model,
SCF calculations were performed to determine orbitals op-
timum for that staie and followed by CISD calculations.
As in the CuQg case, the molecular orbitals derived from
the Ols, O2s, and Cu3s and 3p orbitals constitute the core
and were frozen (o excitation.

The exception o this general procedure occurs for the
ground state of the ncutral species. Here a two configura-
tion GVB cakulation was used Lo determine the optimum
orbitals for the wavefunction IS0>; i.c. both the orbitals ¢y,
and ¢, and the mixing cocflicicnt A were optimized (Eq.
10). This mulli-configuration SCF trcatment is necessary
in order to introduce the possibility of anti-ferromagnetic
coupling into the zeroth-order wavefunction, The subse-
quent CI calculation included all single and double excita-
tions with respect o both configurations ¢,2 and ¢,2.

5.1 Reaults

The cnergics of these states in Cuy 0, are reported in Ta-
ble 11. Six of the scven relative energics in Table 11 were
Icast-squares fit to the PPP encrgy expressions in order o
derive the 4 PPP parameters reproduced at the bottom of
Table 11. The encrgy Egg was omitted from this fitting
procedure. Note that the singlet states IS1> and 1S2> are
not referred to in Tuble 11, The encrgics of these states are
~U-V higher in cnergy than IS0>, In fact, SCF calculations
on the state IS1> collapsc into lower-lying singlets involv-
ing O2p->Cu3d charge transfer excitations. These intruder
states will not be described by the PPP nixdel, To the ex-
tent that they are important in describing the low encrgy
physics as the clusier size increases, this is a dehcwency of
the pres~nt model.

TABLE 11. Table 1. Cu,0y Energies

13

[} -3
iICl>
m>
IS0>
IAO>
lAl>
IP>

J(meV)
[ 4

t

U

v

SCF

0.0*
-6.78(-6.82)
-5.28(-5.47
-13.50(-13.50)
-1354
-1.83(-1.79)
-0.63(-0.44)
10.17{10.06)

37(88)

6.14
0.68
19.74
-1.21

00®
6.90(-7.03
-5.46(-5.70)
-10.95(-10.95)
-11.02
-1.96(-1.83)
£0.75(-0.51)
10.57(10.39)

73(139)
6.36
0.66
14.37
1.78

CISD(Q)

n.o0*
-6.88(-6.98)
-5.51(-5.70)
-9.83(-9.83)
-9.¢1
-1.53(-1.44)
0.35(-0.15)
11.23(11.09)

90(169)
6.34
0.64
12.53
285

a. The total energy is -1550.16243 a.u.
b. The total energy is -1550.88436 a.u.
. The total energy is -1551.02523 a.u.

Analogous calculations were performed for Cuy0y; and

are presented in Table 12.

TABLE 12. Cuj0,, Energies(eV)

Suate SCF

1.3 0.0*

ICo> -6.90(-6.9%)
ICl> -5.43(-5.60)
> -13.91(-13.91)
1S0> -13.98

IA0> -2.88(-2.87)
IAl>  -1.66(-1.49)
IF> 8.33(8 22)
J(meV) 38(86)

[ 4.27

t 0.67

U 19.39

v -1.36

0.0*
2.02(-7.15)
-5.59(-5.82)
-11.66(-11.66)
1173
-3.04(-2.91)
-1.81(-1.58)
8.66(8.48)

69%(130)
4.49
0.66
14.59
131

a. The total enugy is -1846.99674 a.u.
b. The total encrgy is -1847.94040 a.u.
c. The total encrgy Is .1847.14654 a.u.

233

ciSD(Q)

0.0°
-1.00(-7.12)
-5.61(-5.82)
-10.60(-10.60)
-10.68
-2.69(-2.57)
-1.48(-1.27)
9.25(9.09)

83(159)
£.47
0.65
12.81
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6.0 Discussion

6.1 PPP Model

The first point to bec made about the results in Tables 11
and 12 is that the PPP model appears to give a very good
fit to the directly computed energies. The parenthetica! en-
wuies in cach column give the predictions of the PPP model
using the parametcrs extracted from the fit. The model re-
produces the positions of all the states to within -- 10.2¢V.

Another encouraging aspect of the calculations is that the
paramcters are rather weakly dependent on the size of the
cluster. Comparing Table 11 with Table 12, one can see
that the parame.ers extracted for CuyOy) at a given level
of approximation are in good agreement with thosc deter-
mined for CuyO;. The agreement would seem (o lend sup-
port to the argument that the point charge background is
appropriate for this material.

There is but cne entry in Tables 11 and 12 which can be
compared directly with experiment. That is the Heisenberg
cxchange constant J=Esg-Er). Both nieutron scauering and
Raman mcasurcments® are in agreement that J ~120-130
meV in La,CuO,. The thoretical value is quilc scnsitive to
the level of correlation. At the GVB level, for both Cu; O
and Cu;0y;, J-38meV. This is only about 1/3 of the exper-
imental result. At the CISD level of approximation, the ab
initio value is ncarly doubled to ~70meV. Applying Lthe
Davidson estimate for quadruple excilalions increases the
theorctical value by ~10-20 meV. Our best calculations
thus give J~-80-90meV, in much closer agreement with ex-
periment, but still only ~75% of the correct value.

The direct computation of J is a formidable theorctical
problem. In an absolute sense, one should perhaps be
pleased that the calculation is able o reproduce the split-
ting 10 within ~30 meV. Expansion of the one-electron ba-
8is set to include f-functions on the Cu and d-functions on
the O could certainly in. expecied to contribute 30meV to
the diffcrential correlation energy between IS0> and 1 1>,
In another sense, however, the error is more disturbing.
Note that for large U-V,

_ @’

T2y v

(EQJ0)

Now the value of the hopping intcgral in Tables 11 or 12
is quite insensitive to the level of correlation included in
the calculation. Thus increases in the value of J imply, not
surprisingly, reductions in the effective value of U-V. The
surprising feaiure is the sensitivity. The fact that the GVB
approximation gives only ~1/3 of the experimental split-
Ling implics that U-V is overestimaied by a facion of 3.
Thus, meV improvements inJ leverage ¢V modifications
1o the cffective U-V. This behavior is apparent in the value
of U-V in the Tables. Recall that these parameters are de-
termined from ionization potentials and electron affinitics
of the cluster. The ground stais IS0>, and hence the value
of J, was not included in the fit. Note that U-V decreases
from ~21¢V to ~10eV in progressing from GVB to CIS-
D(Q). mirroring the increase of ~2 in the theoretical J. The
reduction in U-V is due to a decrease in the value of U and
an increase in the value of V as the level of sophistication
of the calculation increases. The decrease in U is expected
and not surprising. The increase in V is somewhat more
novel. In fact, a1 the SCF level, V is found to be negative.
This interesting result can be traced to the artificially high
cnergy of the cation states when symmetry restrictions are
placed on the SCF wavefunction; that is,the additional
hole in the cation is constrained to be symmetrically delo-
calized over both Cu siles so that the SCT? wavefunclion is
a proper cigensuate of the symmetry operators of the clus-
ter, The CI calculation introduces correlations which tend
10 localize the additional hole on one Cu and excite O2p
clectrons onto the sile 1o screen it. These “clectronic po-
laron™ like effects are most dramatically evidenced in the
fact that SCF solutions of broken symmetry™® can be
found for the cation states which lic lower in encrgy by
~2cV than the symmetry constrained SCF solution. In
these wavefunctions, the single d-electron localizes on one
Cu site and the O2p electrons polarize toward the other Cu
site, This left-right corrclation tends to localize holes
doped into the cluster. This tendency should be enhanced
further by nuclear motion in which the oxygen atoms
move toward the localized hole.

6.2 Full Valence Hamiltonian

0.2.1 Occupation Dependent Hopping

Tables 11 and 12 allow one o examine those tenns which
arisc in the full valence Hamiltonian for H; but are ne-

33. W. Nicuwpuon, this proceedings.
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glectcd in the PPP model because of the zero-differential
overlap (ZDO) approximation. The tem At in the Hamil-
tonian destroys the particle-hole symmetry of the system.
That is, the “band width” for a siagle electron in the va-
lence space is

Eco""Ecl = 2‘0 (an‘)

while the “band width”™ when a single hole is present (3¢7)
is

Epo-Eay = 2(1p-240) (EQ 32)
From Table 2, for example, the SCF splitting of the cation
states is 1.47¢V and significantly smaller (1.22eV) in the
anion. The results in Table 2 yicld (1, At)=(-0.74,+0.06),
(-0.72,+0.05), and (-.70,+.05) ¢V at the SCF, CISD, and
CISD(Q) levels. ‘The magnitude of At, like ty, is fairly in-
scnsilive to corrclation.

Hirsch®? has emphasizcd the possible role this term may
have for promoting Cooper pairing. The sign of At is
found to be oppositc to that of tg, which is the relationship
necessary in Hirsch's model to induce pairing of holes.
The magnitude of At found here, however, is presumably
much too small to play a significant role in La;CuO,.

6.2.2 Direct Exchange interaction

The other refinement to the PPP model which arises in the
tull valence Hamiltonian is the direct Cu-Cu exchange in-
teraction. Its” most important influence is upon the su-
perexchange constant J. In the limit of large U-V, the full
valence Hamiltonian gives

12(t,- 4012

=-2K+ - (EQ )

T
Given the magnitudes of t, At, U, and V found above.
one can determine the 2fTective K from the directly cont-
putcd single-triplet splitings. This procedure gives

2K =(48,62,78) meV fcr Cuy 0, as a function of correla-
tion, The direct exchange is a simall imcraction and, like
At, might be left out of a muxdel, Tt is important to note,
however, that it is of the same order of magnitude as the
superexchange interaction® and has the opposiie sign,
This means that if one could calculate the “exact”™ values
fort, U, and V in the PPP maodel, the predicied value of the

superexchange interaction might easily be in error by a
factor of 2. One should therefore not expect 1o reproduce
both the optical gap and the superexchange energy in a
PPP or Hubbard model. This will be true even when the
optical gap corresponds to a traditional Mot insulator,

6.3 Error Estimates and Seml-emplrical
Parameters

Because it appears that the PPP model provides a good re-
production of the results, it is interesting to extract a semi-
empirical value for the quanlity U-V from the parameters
determined thus far and the experimental J. Using the val-
ues for (o, At, and K determined above in the CISD(Q) ap-
proximation, and an experimental value J-125meV, one
finds U-V~8.2¢V. This is approximately 2eV less than the
best first principles estimate in Table 12.

There are several reasons (o expect that the present calcu-
lations should overestimate U-V. The first concemns the
rather limited double-zeta basis set utilized in this work.
The addition of an electron to the neurral cluster yiclds a
state with dignificant Cu'*(d'%) chasacter. From the alom-
ic calculations, we know that the differential correlation
encrgy betwecn d” and d' not recovered by the presznt
bais set will preferentially stabilize the d'9 siate by
~1.0eV. Thus, the clectron affinit, of the neuiral Cuz0y,
cluster is expected to decrease with improvements in the
basis set by some amou~t AR, oy On the other hand, the
cation states involve pnmarily a loss of density from the
O2p orbitals, and so the ionization potential of the neutral
Is expected to increase by some pair correlation energy cr-
rof AE ., o when the full comrelation energy is recovered.
AE oy 0 Was estimated Lo be ~0.9¢V carlier. From the PPP
energy expressions, one can see that these improvements
should transform ¢ -> £-AE, 0, and U -> U-AE ¢y
The intersite repulsion V is unaffected in this analysis,
The.clore, basis sct improvements may act to reduce the
cflfective U by ~1eV.

Another consideration is the hmited clusier size and the
conscquent undercstimation of the long range screcning
contributions associated with the environment. Shell mod-
el calculations®? suggest that the electronic polarization

3. This is Uie efTectiva K nocessary to fit the results of the cal-
culations. The actual two electron integral is ~SmeV,

35. M.S. stam, M.Leslie, .M. Tomlinson and C.R.A. Catlow,
1. Phys. C 21, L109 (1988),
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encrgy associated with either the annihilation or creation
of an electron in Cu®* is of the order of 3¢V, The screcning
associated with the creation of a holc on 0% is similar,
~2eV. If we denote the portion of this encrgy not recovered
in the present cluster by AF,, then analysis of the PPP
encrgy expressions shows that inclusion of this contribu-
tion docs not affect the ncar-ncighbor interaction V, but
modifics the on-sitc lerms: g -> € + ,and U -> U-
2AE,_. . If the entire overestimate of 26V in the dircctly de-
termincd U-V were associated with this effect, it would
imply an unrecovered polarization energy of ~1eV which
seems to be a reasonable number. More probably, basis set
limitations are responsible for about half of the error, with
the polarization encrgy accounting for the other half. In
summary, an overcstimatc of U by about 2V seems com-
patible with the known deficicncies of the present calcula-
tion.

6.4 Comparisons with previous work

The considerations above lead to the semi-empirical pa-
ramcters suggested in Table 13. Estimates of the uncer-
taintics bascd on the discussion of the preceeding section
are ~10% in t and V, and perhaps ~20% for U, The effec-
tive singlc-band paramcters which emerge from the LDF
calculations of Hybertscn, et.al.(HSC) are also prescnted
in Table 13 for comparison’®.

TABLE 13. Suggested PPP Parameters(eV)

This work HSC
(] 55 -1.45
t {0.65 04
) 1 4\
v 23 0.1
]
v 8w o

a. Hybertsen, .ol

The value of t determined in the present work is ~50%
Inrger than HSC and the value of U is more than twice as
large. These discrepancics are outside the efror estimales
which I believe apply to the cluster calculation. 1t s inter-
esting 10 note that the two appronches are Ill belier agroe-
ment regading the reduced parumeter (,, o) This
characterizes tive strength of correlations in Hubbard mod-

36. E.B. Siechel, private communication,

els (where Uyupnarg=U-V). This quantity is ~13 in the
prescnt work and ~10 with the LDF based parameter set.
Both calculations agree thut the present materials fall in
the intcrmediate to strong coupling regime.

The most interesting difference in Table 3, however, 18
that the present calculations find a significant contribution
from the near-ncighbor repulsicn V. The present value,
V~2.5¢V, is about 2/3 of the 3.8eV expected fiom classical
clectrostatics. By contrast, the LDF based theorics suggest
V is completely screened away. The oaigin of these dilfer-
ences is unclear, but we noi¢ thai the scmi-empirical pa-
rametcrs which have evolved in quantum chemistry over
the years generally use a value for V which is some size-
ablc fraction of the classical value. From this perspective
then, a value of 2.5¢V is quile reasonable, and the abscnce
of a significant V in these materials would be a surprising
result requiring cxplanation,

7.0 Conclusions

The low-lying electronic states of the Cu;07 and Cuy04y
clusters computed with ab initio SCF/CI techniques are
well describad by a single-band PPP model. Extensions of
this model 10 include terms ignored in the ZDO approxi-
mation arc found 10 be small. The interesting occupation
dependent hopping term At studied by Hirsch, et. al. is
found 10 be ~10% of the direct hopping matrix clement,
and apparently too small to be significant in the present
maicrials, The effective dircct Cu-Cu exchange erm |s of
the same order of magnitude as the supcrexchange term,
but of opposite sign. This implies that one should not ¢x-
pect a single value of U-V to reproduce both the optical
gap and the anti-ferromagnetic exchange intcraction J.

The dircct ab initio compu*ation of J is in only fair agree-
ment with experiment (80-90 meV computed vs 120-130
meV measured). It is suggesied that this is duc 10 an over-
estimate of the Hubbard U by ~2eV in the ab initio calcu-
lation; of this, approximately leV is believed o be
recoverablo by improvements in the one-electron basis set,
with another 1eV arising from long range screcning effects
not recoveruble in a clusier of this size,

The present work is in basic |greemcnl‘wllh the 1.LDF
bascd schemes in that the parameter 5+, which chame-
terizes the strength of the correlations in & Hubhard model
is in the intcrmediate to strong coupling regime, The two

186 ot 17
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approaches differ importantly, however, in that the present
work finds V~U/S. The cluster results thus indicate that
charge fluctuations may play a larger role in thesc materi-
als than gencerally believed.

One of the more interesting results of this research is that
we find that when an additional hole is doped into the half-
fillked band the dominant corrclaions among the Cu3d and
02p electrons manifest themselves in broken-symmetry
SCF solutions in which the additional hole localizes on
one: side of the cluster. The tendency to form this “clec-
wronic polaron” is ultimately associated with the presence
of the highly polarizable O mediating the effective interac-
tions between the two Cu sites. The pertinent energy
scales are the magnitude of the polarizatinn energy gained
by screening a localized hole versus the effective bandwith
( the kinctic energy cost paid for localization). In molecu-
lar systems, brokcn symmetry hole-states are common in
systems with weak through-bond intcractions mediated Ly
a polarizable connecting group. In most cases, this mani-
fests itself in a strong on-site electron-phonon inleraction
and significant vibronic coupling. This strong polarization
feature of the electronic structure of LayCuOy is shared
with BaBiOj, and it 18 quile rcasonable to expect this to be
a dominant theme in that material as well.
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